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Abstract
Direct and indirect searches for the existence of particles beyond the Standard Model can be performed at the
LHCb detector exploiting its unique forward acceptance, high vertex and momentum resolution, and excellent particle
identiﬁcation. In these proceedings, the latest results obtained with the LHCb detector are presented, focusing on rare
τ and B decays and on decays involving bb pairs in the ﬁnal state.
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1. Introduction
Many theoretical models predict the existence of new
particles, where their existence can be detected either
directly through the production of on-shell particles
or indirectly through virtual contributions in loop pro-
cesses. Physics beyond the Standard Model (SM) via
the production of these particles has been searched for at
the LHC without success so far. The results provided by
the LHCb experiment contribute both to the direct and
to the indirect searches. During the ﬁrst run of pp col-
lisions at the LHC, the LHCb detector [1] has collected
an integrated luminosity of 1 fb−1 and 2 fb−1 of data at a
center-of-mass energy of 7 and 8 TeV, respectively. In
these proceedings, the indirect searches in lepton and
baryon number violating τ and B−meson decays, and
the direct searches in decays with bb pairs in the ﬁ-
nal state are presented. Very rare τ and B decays are
strongly suppressed in the SM and are only produced
via loop diagrams. High-mass particles can contribute
virtually to the loop modifying the total branching frac-
tion of the process. In this context, the indirect search
for the presence of new particles can reach masses well
beyond the current energy limit provided by the accel-
erators, and can provide an unambiguous signature of
physics beyond the Standard Model (BSM). As far as
the direct searches are concerned, the excellent capabil-
ities in the reconstruction of displaced vertices and the
high momentum resolution of the LHCb detector makes
it an ideal place to look for the presence of new particles
decaying into bb pairs.
2. LFV and BNV in τ decays
Lepton ﬂavour violating (LFV) processes are allowed
within the context of the SM with massive neutrinos,
but their branching fractions are of order 10−40 [2, 3] or
smaller, and have not yet been observed to date. Baryon
number violation (BNV) is believed to have occurred in
the early universe, although the mechanism is unknown.
If charged LFV or BNV were to be discovered, mea-
surements of the branching fractions for a number of
channels would be required to determine the nature of
the BSM physics. In the absence of such a discovery,
improving the experimental constraints on the branch-
ing fractions for LFV and BNV decays would help to
constrain the parameter spaces of BSM models. The
search for LFV and BNV in τ decays at LHCb [4] takes
advantage of the large inclusive τ production cross-
section at the LHC, where τ leptons are produced almost
entirely from the decays of b and c hadrons. Using the
bb and cc cross-sections measured by LHCb [5, 6] and
the inclusive b → τ and c → τ branching fractions [7],
the inclusive τ cross-section is estimated to be 85 μb at
7 TeV.
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The LFV decay τ− → μ−μ+μ−1 is searched using
1 fb−1 of pp collision data at a center-of-mass energy
of
√
s = 7 TeV. No evidence of an excess of signal can-
didates over the expected background is observed, so
the CLs method [8] is used to set an upper limit on the
branching fraction of the process. Figure 1 shows the
distribution of the CLs values as a function of the tau
branching fraction into three muons.
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Figure 1: Distribution of CLs values as functions of the tau branching
fraction into three muons, using the hypothesis to observe background
events only, for τ− → μ−μ+μ− citeAaij:2013ﬁa. The dashed line indi-
cates the expected limit while the the solid line is the observed limit.
The light (yellow) and dark (green) bands cover the regions of 68%
and 95% conﬁdence for the expected limits.
The result obtained is
B(τ− → μ−μ+μ−) < 8.0 × 10−8 at 90%CLs,, (1)
which is compatible with previous limits. An up-
dated result using 3 fb−1 of data has been recently pub-
lished [9] yielding a result of
B(τ− → μ−μ+μ−) < 4.6 × 10−8 at 90%CLs,, (2)
which can start contributing to the world average when
included with the results of BaBar and Belle [10, 11].
This result represents the ﬁrst limit on the lepton ﬂavour
violating decay mode τ− → μ−μ+μ− obtained at a
hadron collider and indicates that with the additional lu-
minosity expected from the LHC in Run II, the sensitiv-
ity of LHCb will become comparable with, or exceed,
those of the B-factories.
1charge conjugation is implicit throughout the proceeding unless
stated otherwise.
First direct upper limits have been placed on the
branching fractions for two τ decay modes that violate
both baryon number and lepton ﬂavour, τ− → pμ+μ−
and τ− → pμ−μ− . Using a similar procedure as the
one explained above, the CLs value as a function of the
branching fraction has been evaluated for these decays,
and are shown in Figs. 2 and 3, from where limits on the
branching fraction of the processes can be extracted to
be
B(τ− → pμ+μ−) < 3.3 × 10−7 at 90%CLs, (3)
B(τ− → pμ−μ−) < 4.4 × 10−7 at 90%CLs (4)
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Figure 2: Distribution of CLs values as functions of the tau branching
fraction into three muons, using the hypothesis to observe background
events only, for τ− → pμ+μ− [4]. The dashed line indicates the ex-
pected limit while the the solid line is the observed limit. The light
(yellow) and dark (green) bands cover the regions of 68% and 95%
conﬁdence for the expected limits.
3. Searches for Majorana neutrinos
The lepton number violating process B− → π+μ−μ−
is forbidden in the SM, but can proceed via the produc-
tion of on-shell Majorana neutrinos or on oﬀ-shell Ma-
jorana neutrinos of any mass contributing to this decay.
Using the full data sample of Run I corresponding to
3 fb−1 of data acquired in pp collisions LHCb has in-
vestigated the B− → π+μ−μ− decay [12].
Upper limits as a function of both the neutrino mass
mN and the neutrino lifetime τN are set by performing a
scan in the neutrino mass from 250 to 5000 MeV/c2, for
individual lifetime values between 1 and 1000 ps. As
there is no evidence of signal, upper limits are set using
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Figure 3: Distribution of CLs values as functions of the tau branching
fraction into three muons, using the hypothesis to observe background
events only, for τ− → pμ−μ− [4]. The dashed line indicates the ex-
pected limit while the the solid line is the observed limit. The light
(yellow) and dark (green) bands cover the regions of 68% and 95%
conﬁdence for the expected limits.
the CLs method. The model independent upper limit of
B(B− → π+μ−μ−) as a function of the neutrino mass for
six diﬀerent neutrino lifetimes is plotted in Fig. 4.
Model-dependent upper limits on the coupling of a
single fourth-generation Majorana neutrino to muons
|Vμ4| for each value of mN are extracted using the for-
mula from Atre et al. [13]
B(B− → π+μ−μ−) =
=
G4F f
2
B f
2
πm
5
B
128π2 |VubVud |2 × τB(1 −
m2N
m2B
)mN
ΓN
|Vμ4|2 (5)
where the total neutrino decay width, ΓN , is a function
of mN and is proportional to |Vμ4|2. A model for ΓN in-
cluding the purely leptonic and hadronic modes is used,
where the total width for Majorana neutrino decay is
ΓN =
[
3.95m3N + 2.00m
5
N
(
1.44m3N + 1.14
)]
×10−13|Vμ4|2,
(6)
with mN and ΓN in GeV/c2. Values of ΓN are calculated
for each value of mN and of |Vμ4|2, which are then used
to ﬁnd the branching fraction. The resulting 95% CLs
limit on |Vμ4|2 is shown in Fig. 5 as a function of mN .
These limits cannot be directly compared to other ex-
periments due to the diﬀerent choice of the dependence
of ΓN on mN . The limits on the B− → π+μ−μ− branch-
ing fraction are improved with respect to the previous
results [14], and the lifetime range of the Majorana neu-
trino search has been extended to 1 ns.
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Figure 4: Upper limits on B(B− → π+μ−μ−) at 95% CLs as a function
of mN for speciﬁc values of τN [12].
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Figure 5: Upper limits at 95% CLs on |Vμ4 |2 as a function of mN [12].
4. Higgs-like bosons decaying into long-live particles
A variety of models for physics beyond the Standard
Model feature new massive Long-Lived Particles (LLP)
which coupling to lighter particles is suﬃciently small
that they may have a macroscopic distance of ﬂight. If
they decay to SM particles and have a lifetime in the
range [1-1000] ps, characteristic of weak decays, these
particles can be identiﬁed using the excellent vertex res-
olution of the LHCb detector.
In the framework of weak scale supersymmetry with
R-parity violation the lightest super partner may decay
into SM particles [15]. In particular, it has been pro-
posed that the lightest neutralino χ˜01 may decay into
three quarks [16]. A signiﬁcant portion of the param-
eter space of the model allows for the production of χ˜01
pairs through the decay of the light Higgs boson h0 with
a mass between 110−130 GeV/c2, implying a χ˜01 mass
in the range 20−60 GeV/c2. At a small value of tanβ ,
the SUSY h0 is essentially equivalent to the SM Higgs
boson, and a production cross-section of about 20 pb at
7 TeV in pp collisions is expected.
A more general model called the “Hidden Valley”
scenario [17, 18] makes the hypothesis that an addi-
tional non-abelian gauge group exists, so far “hidden”
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mLLP (GeV/c2) 30 35 40 48 55
mh0 (GeV/c2)
100 101 58 44 58
105 100 75 44 39
110 132 75 56 34
114 128 91 47 32 46
120 148 93 58 34 31
125 179 90 61 41 29
Table 1: Upper limits at 95 % CLs on the cross-section in pb for the
production of a Higgs boson, as a function of the LLP and Higgs
masses for a LLP lifetime of 10 ps for the SUSY with R-parity viola-
tion model.
by a large energy scale, which may be accessible at the
LHC. This new sector can manifest itself by the produc-
tion of new scalar particle, πv, that decay into SM parti-
cles. If the mass of the πv is below the ZZ mass thresh-
old it will predominantly decay into bb pairs. Moreover,
the Higgs boson may possibly decay with a signiﬁcant
branching fraction as h0 → πvπv → bbbb. Another
characteristic of the new Hidden Valley scalars is that
the lightest among them is a potential dark matter can-
didate.
All these models have in common the presence of
several displaced b-jets in the ﬁnal state. Using 35 pb−1
of data collected at a center-of-mass energy of
√
s =
7 TeV, limits on the production cross-section of the
Higgs like boson particle as a function of the LLP mass
and lifetime are set [19].
The approximate sensitivity range cover LLP life-
times from 3 to 25 ps, for masses from 30 up to 55
GeV/c2 and Higgs masses in between 100−125 GeV/c2.
No events compatible with the expected topology have
been found, so limits in the production cross-section
have been placed as a function of LLP and Higgs
masses, and LLP lifetime.
The results show that for a Higgs with mass between
100−125 GeV/c2, decaying to two heavy particles with
masses between 30−55 GeV/c2 and a lifetime of 10 ps
we can exclude production cross-sections between 29
and 179 pb (see Tab. 1). For the same range of LLP
masses and a ﬁxed Higgs mass of 114 GeV/c2, the life-
time window of 3−25 ps can be excluded with cross-
section upper limits from 25 to 410 pb (see Tab. 2). All
the results are consistent with SM and do not indicate
the presence of New Physics contributions. A publi-
cation with more than twenty times the statistics is in
preparation.
mLLP (GeV/c2) 30 35 40 48 55
τLLP (ps)
3 210 156 136 168 410
5 145 101 68 58 137
10 129 91 47 32 46
15 155 90 49 31 33
20 131 93 63 32 31
25 142 100 61 34 25
Table 2: Upper limits at 95 % CLs on the cross-section in pb for the
production of a Higgs boson as a function of the LLP mass and life-
time for a Higgs mass of 114 GeV/c2 for the SUSY with R-parity
violation model.
5. Charge asymmetry in b-quark production
Measurements by the DØ and CDF collaborations of
the tt asymmetry in pp collisions at the Tevatron [20,
21, 22, 23, 24, 25] suggest that physics beyond the Stan-
dard Model may play a role in the production of top-
anti-top (tt) pairs [26]. Many extensions to the SM
have been proposed to explain this discrepancy. These
theories couple new particles to quarks in a variety of
ways. Therefore, constraints on quark-antiquark pro-
duction charge asymmetries other than tt could discrim-
inate between models and be used as a probe of non-SM
physics.
Some theories proposed to explain the Tevatron re-
sults also predict a large charge asymmetry in bb pro-
duction [27]. No measurement has been made to date of
the bb charge asymmetry at a hadron collider.
The symmetric initial state of proton-proton colli-
sions at the LHC does not permit a charge asymmetry
to be manifest as an observable deﬁned using the di-
rection of one beam relative to the other. However, the
asymmetry in the momentum fraction of quarks and an-
tiquarks inside the proton means that a charge asymme-
try can lead to a diﬀerence in the rapidity distributions
of beauty quarks and antiquarks. The forward-central
bb charge asymmetry in pp collisions is deﬁned as
AbbC ≡
N(Δy > 0) − N(Δy < 0)
N(Δy > 0) + N(Δy < 0)
, (7)
where Δy ≡ |yb| − |yb| is the rapidity diﬀerence between
jets formed from the b and b quarks.
A ﬁrst measurement of this type of asymmetry in
three Mbb regions using 1 fb
−1 of data collected at
center-of-mass energy of 7 TeV is presented [28]. Fig-
ure 6 shows the corrected Δy distribution summed over
all Mbb regions considered (Mbb > 40 GeV/c
2). The LO
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Figure 6: Corrected Δy distribution for all selected events [28]. The
statistical uncertainties are negligible. The systematic uncertainties
are highly correlated from bin to bin and largely cancel in the de-
termination of AbbC . The leading order SM prediction obtained from
PYTHIA is also shown.
SM prediction, which includes LO QCD and Z → bb,
obtained from Pythia [29] is also shown. The SM uncer-
tainty includes contributions from the renormalization
and factorization scales, and from the parton distribu-
tion functions. The LO result is suﬃcient to demon-
strate agreement between the theory and unfolded bb
pair-production distribution.
The ﬁnal results on the charge asymmetry in bb pair
production in the three regions of Mbb are
AbbC (40, 75) = 0.4 ± 0.4 (stat) ± 0.3 (syst)%, (8)
AbbC (75, 105) = 2.0 ± 0.9 (stat) ± 0.6 (syst)%, (9)
AbbC (> 105) = 1.6 ± 1.7 (stat) ± 0.6 (syst)%, (10)
where the ranges denote the regions of Mbb in units of
GeV/c2. The measurements are corrected to a pair of
particle-level jets each with 2 < η < 4 and ET > 20GeV
and an opening angle between the particle-level jets in
the transverse plane Δφ > 2.6 rad. All the results are
consistent with the SM expectations.
6. Conclusions
LHCb has used the large data sample available from
Run I to perform studies of processes beyond the Stan-
dard Model. The ﬁrst limit at a hadronic machine of the
branching fraction of the τ− → μ−μ+μ− and τ → pμμ
decays have been presented. The search for Majorana
neutrinos either virtual or on-shell has been presented
in the B− → π+μ−μ− decays where model-dependent
limits on the coupling between the Majorana neutrino
and the muon have been placed. Limits in the produc-
tion cross-section of long-lived particles decaying into
bb pairs, as well as the ﬁrst measurement of the forward-
central charge asymmetry in bb production have been
placed.
All the results presented are consistent with the Stan-
dard Model expectations and demonstrate the excellent
capabilities of the the LHCb detector as a general pur-
pose high-resolution forward spectrometer. The upcom-
ing Run II period will increase the collision energy, pro-
duction cross-sections and acceptance of signal candi-
dates improving the sensitivity of the analyses.
References
[1] J. Alves, A. Augusto, et al., The LHCb Detector at the LHC,
JINST 3 (2008) S08005. doi:10.1088/1748-0221/3/08/S08005.
[2] M. Raidal, A. van der Schaaf, I. Bigi, M. Mangano, Y. K. Se-
mertzidis, et al., Flavour physics of leptons and dipole mo-
ments, Eur.Phys.J. C57 (2008) 13–182. arXiv:0801.1826,
doi:10.1140/epjc/s10052-008-0715-2.
[3] A. Ilakovac, A. Pilaftsis, L. Popov, Charged lepton ﬂa-
vor violation in supersymmetric low-scale seesaw mod-
els, Phys.Rev. D87 (5) (2013) 053014. arXiv:1212.5939,
doi:10.1103/PhysRevD.87.053014.
[4] R. Aaij, et al., Searches for violation of lepton ﬂavour
and baryon number in tau lepton decays at LHCb,
Phys.Lett. B724 (2013) 36–45. arXiv:1304.4518,
doi:10.1016/j.physletb.2013.05.063.
[5] R. Aaij, et al., Measurement of J/ψ production in pp collisions
at
√
s = 7 TeV, Eur.Phys.J. C71 (2011) 1645. arXiv:1103.0423,
doi:10.1140/epjc/s10052-011-1645-y.
[6] R. Aaij, et al., Prompt charm production in pp collisions at√
s=7 TeV, Nucl.Phys. B871 (2013) 1–20. arXiv:1302.2864,
doi:10.1016/j.nuclphysb.2013.02.010.
[7] J. Beringer, et al., Review of Particle Physics (RPP), Phys.Rev.
D86 (2012) 010001. doi:10.1103/PhysRevD.86.010001.
[8] T. Junk, Conﬁdence level computation for combining searches
with small statistics, Nucl.Instrum.Meth. A434 (1999) 435–443.
arXiv:hep-ex/9902006, doi:10.1016/S0168-9002(99)00498-2.
[9] R. Aaij, et al., Search for the lepton ﬂavour violating decay
τ− → μ−μ+μ−arXiv:1409.8548.
[10] P. del Amo Sanchez, et al., Searches for the baryon- and
lepton-number violating decays B0 → Λ+c 	−, B− → Λ	−, and
B− → Λ¯	−, Phys.Rev. D83 (2011) 091101. arXiv:1101.3830,
doi:10.1103/PhysRevD.83.091101.
[11] K. Hayasaka, K. Inami, Y. Miyazaki, K. Arinstein,
V. Aulchenko, et al., Search for Lepton Flavor Violating
Tau Decays into Three Leptons with 719 Million Pro-
duced Tau+Tau- Pairs, Phys.Lett. B687 (2010) 139–143.
arXiv:1001.3221, doi:10.1016/j.physletb.2010.03.037.
[12] R. Aaij, et al., Search for Majorana neutrinos in B− → π+μ−μ−
decays, Phys.Rev.Lett. 112 (2014) 131802. arXiv:1401.5361,
doi:10.1103/PhysRevLett.112.131802.
R. Vazquez Gomez / Nuclear and Particle Physics Proceedings 273–275 (2016) 672–677676
[13] A. Atre, T. Han, S. Pascoli, B. Zhang, The Search for Heavy
Majorana Neutrinos, JHEP 0905 (2009) 030. arXiv:0901.3589,
doi:10.1088/1126-6708/2009/05/030.
[14] R. Aaij, et al., Searches for Majorana neutrinos in B−
decays, Phys.Rev. D85 (2012) 112004. arXiv:1201.5600,
doi:10.1103/PhysRevD.85.112004.
[15] S. P. Martin, A Supersymmetry primer, Adv.Ser.Direct.High En-
ergy Phys. 21 (2010) 1–153. arXiv:hep-ph/9709356.
[16] L. M. Carpenter, D. E. Kaplan, E.-J. Rhee, Reduced
ﬁne-tuning in supersymmetry with R-parity violation,
Phys.Rev.Lett. 99 (2007) 211801. arXiv:hep-ph/0607204,
doi:10.1103/PhysRevLett.99.211801.
[17] M. J. Strassler, K. M. Zurek, Echoes of a hidden valley at
hadron colliders, Phys.Lett. B651 (2007) 374–379. arXiv:hep-
ph/0604261, doi:10.1016/j.physletb.2007.06.055.
[18] M. J. Strassler, K. M. Zurek, Discovering the Higgs through
highly-displaced vertices, Phys.Lett. B661 (2008) 263–267.
arXiv:hep-ph/0605193, doi:10.1016/j.physletb.2008.02.008.
[19] R. Aaij, et al., Search for Higgs-like bosons decaying into long-
lived exotic particles, LHCb-CONF-2012-014.
[20] V. M. Abazov, et al., Forward-backward asymmetry in top
quark-antiquark production, Phys.Rev. D84 (2011) 112005.
arXiv:1107.4995, doi:10.1103/PhysRevD.84.112005.
[21] V. M. Abazov, et al., Measurement of the asymmetry in angular
distributions of leptons produced in dilepton tt ﬁnal states in pp
collisions at
√
s=1.96TeV, Phys.Rev. D88 (11) (2013) 112002.
arXiv:1308.6690, doi:10.1103/PhysRevD.88.112002.
[22] V. M. Abazov, et al., Measurement of the forward-backward
asymmetry in the distribution of leptons in tt¯ events in
the lepton+jets channel, Phys.Rev. D90 (2014) 072001.
arXiv:1403.1294, doi:10.1103/PhysRevD.90.072001.
[23] T. Aaltonen, et al., Measurement of the top quark forward-
backward production asymmetry and its dependence on
event kinematic properties, Phys.Rev. D87 (2013) 092002.
arXiv:1211.1003, doi:10.1103/PhysRevD.87.092002.
[24] T. A. Aaltonen, et al., Measurement of the leptonic asym-
metry in tt¯ events produced in pp¯ collisions at
√
s =
1.96TeV, Phys.Rev. D88 (7) (2013) 072003. arXiv:1308.1120,
doi:10.1103/PhysRevD.88.072003.
[25] T. A. Aaltonen, et al., Measurement of the inclusive leptonic
asymmetry in top-quark pairs that decay to two charged leptons
at CDF, Phys.Rev.Lett. 113 (2014) 042001. arXiv:1404.3698,
doi:10.1103/PhysRevLett.113.042001.
[26] W. Bernreuther, Z.-G. Si, Top quark and leptonic charge asym-
metries for the Tevatron and LHC, Phys.Rev. D86 (2012)
034026. arXiv:1205.6580, doi:10.1103/PhysRevD.86.034026.
[27] D. Kahawala, D. Krohn, M. J. Strassler, Measuring the Bottom-
Quark Forward-Central Asymmetry at the LHC, JHEP 1201
(2012) 069. arXiv:1108.3301, doi:10.1007/JHEP01(2012)069.
[28] R. Aaij, et al., First measurement of the charge asym-
metry in beauty-quark pair production at a hadron col-
lider, Phys.Rev.Lett. 113 (2014) 082003. arXiv:1406.4789,
doi:10.1103/PhysRevLett.113.082003.
[29] T. Sjostrand, S. Mrenna, P. Z. Skands, A Brief Introduction
to PYTHIA 8.1, Comput.Phys.Commun. 178 (2008) 852–867.
arXiv:0710.3820, doi:10.1016/j.cpc.2008.01.036.
R. Vazquez Gomez / Nuclear and Particle Physics Proceedings 273–275 (2016) 672–677 677
